Two problems of technological importance for microelectromechanical systems ͑MEMS͒ and microelectronics industry are addressed: fatigue of thin films and nanoscale film cracking. A device is described that can ͑1͒ conduct biaxial fatigue tests on thin films and ͑2͒ be utilized to study fracture patterns in nanoscale coatings under biaxial stress state. Thin-film specimens, in the form of circular membranes, are exposed to cyclic pressures between two fixed pressure limits. Corresponding pressure and specimen deflection are measured. Experimental results, including hysteresis loops spanning deflections of 15-50 m are presented for 4.6-m-thick polyimide films. Furthermore, the evolution of crack patterns in a 150-nm-thick Al film deposited on a polyimide substrate is studied. Critical mode I stress intensity factor for Al is extracted from experimental results.
I. INTRODUCTION
Evaluation of mechanical properties of thin films has attracted much attention due to the important role thin films play in microsensors, microactuators, and other microelectromechanical systems. Even though thin films are not always employed as structural elements, they are usually subject to various forms of loading. Hence, the reliability of these devices depends heavily on the performance of thin films. For example, stresses will develop in the thin film due to lattice mismatch ͑coherency stresses͒ or mismatch of thermal expansions ͑thermal stresses͒ between the thin film and its substrate.
1 Stresses, called intrinsic stresses, can also be generated during film growth due to various other mechanisms such as grain growth in the case of metallic films.
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The task of the measurement of mechanical properties of thin films is carried out using various experimental techniques. Uniaxial tensile testing, for example, is useful for the determination of elastic modulus and tensile strength, if accompanied by an accurate strain measurement. 4 Bulge testing is used to evaluate biaxial modulus of thin films and their residual stresses. 5 Although it recently became a popular testing method, its use dates back to early days of sheet metal and polymer testing. [6] [7] [8] Residual stress evaluation can also be achieved by substrate curvature measurements. 9 Yield strength, on the other hand, can be measured by indentation techniques. 10, 11 However, none of the mentioned techniques addresses fatigue behavior of thin films, although mechanical or thermal cyclic effects can easily lead to fatigue failure. 12 Reduction of residual stress as a function of thermal cycling was studied previously on thin films not released from the substrate, 13 where the evaluation of the fatigue behavior of the thin film itself is usually prevented by the existence of the substrate. On the other hand, the majority of fatigue studies on free-standing thin films employ cantilever-type specimens consisting of materials such as Ag ͑Ref. 14͒ or Ni-P. 15 This particular selection of specimen geometry usually eliminates certain materials, including polymers. Furthermore, the multiaxiality of fatigue, another important aspect, is neglected, although the stress state in a thin film ͑coherency, thermal, or intrinsic stresses͒ is usually biaxial. In addition to this, there are also applications, including micropumps, 16 where a free-standing thin film undergoes biaxial loading. Although uniaxial fatigue tests on thin films are conducted using commercial load frames with high-precision load cells, results cannot directly be transferred to engineering applications. To address these issues, the testing device of this article is designed to study the fatigue behavior of thin films under biaxial loading. Thin-film specimens are subjected to cyclic loading with a frequency range up to 50 Hz, and the resulting load-deflection data are recorded. Phenomena such as ratchetting can be monitored, and fatigue life studies can be conducted.
Another issue of paramount technological importance is the cracking of thin films and coatings. Depending on film, substrate, and interface properties, biaxial stresses in thin films will lead to various forms of failure, including film cracking, substrate spalling, and interface debond. 17 Various theoretical treatments of this problem are available.
loading, feedback control, and enhanced data acquisition. The main components, also designated in Fig. 1 • Pressure transducer: Pressure measurements are carried out using a PX 951-100 S5V pressure transducer by OMEGA Engineering, Inc. with a range of 100 psi ͑0.6895 MPa͒ and an accuracy of Ϯ0.15%.
As shown schematically in Fig. 2 , a piston is attached to the tip of the piezoelectric actuator, and the actuator is placed inside a stainless-steel cylinder. This assembly imparts the piston a travel of 100 m. A separate chamber is attached to the end of the cylinder and filled with hydraulic oil, specifically, DTE 25 ͑registered trademark of Mobil Oil Corporation͒. With the piston resting on two O rings, the cylinder and the piezoelectric actuator are completely sealed off from the oil-filled chamber.
Prior to filling the chamber, the specimen is mounted on to the chamber via a specifically designed specimen holder, a steel plate with a circular hole in the middle. The specimen is a silicon wafer coated with a thin film of any desired thickness and composition. A window of any shape, usually circular, is micromachined in the silicon wafer exposing the thin film to the underlying oil. It is important that the chosen fluid is inert and does not alter the properties of the specimen. More on specimen preparation will be discussed later. The specimen is attached to the specimen holder using epoxy. The specimen holder is then screwed on to the testing device, where an O ring between the specimen holder and the testing device prevents any leakages. To prevent overloading of the specimen while mounting, the specimen holder is not screwed tightly at this stage. Details of the specimen and specimen-specimen holder assembly are shown in Fig. 3 .
After the specimen is mounted, the setup is positioned vertically. As shown in Fig. 4 , oil is pumped through a side fitting into the chamber while another fitting at the top of the chamber serves as a bleeding valve. This way of filling the chamber eliminates the possibility of having air bubbles trapped inside. The next step is the final tightening of the specimen holder. The fact that both valves are open at this FIG. 1. Main components of the testing device. Thin-film specimen ͑B͒ is mounted on a fluid chamber ͑D͒, in which pressure is cycled with a chosen frequency by the motion of a piston driven by a piezoelectric actuator located in cylinder C. Corresponding displacements of the specimen are measured with a laser sensor ͑A͒, and a pressure transducer ͑F͒ is employed for pressure measurements. Two stainless-steel fittings ͑G͒ serve as inlet and bleeding valves for the fluid chamber. The setup is placed on a multiaxis translation stage ͑E͒. stage prevents any pressure buildup inside the chamber and, hence, the specimen is not overloaded. After the valves are closed, the setup is turned back to its horizontal position, which was shown in Fig. 1 . Finally, the complete setup is mounted on a multiaxis translation stage with two micrometers controlling horizontal positioning and a piezoelectric actuator driving the setup vertically. This will facilitate specimen alignment with respect to the laser beam. The multiaxis stage is attached on top of a vibration isolation table. At the final stage, a few laser scans are conducted and the setup is tilted accordingly to ensure that the specimen is perfectly horizontal. Thereafter, the device is ready for operation.
B. Principles of operation
The operation of the setup is shown schematically in Fig.  2 . The motion of the piezoelectric actuator displaces a certain volume of hydraulic oil via the attached piston. Since the fluid chamber was freed of air using the bleeding valve and since the walls of the cavity and the piston, made of steel, are relatively rigid entities, the displaced volume will be directly accommodated by the deflection of the thin-film specimen, thereby raising pressure in the chamber.
As mentioned previously, measurements are taken by two main components:
• the laser sensor measuring midpoint deflection of the specimen bulging under pressure, and • the pressure transducer measuring the pressure inside the oil chamber.
These two measurements serve as input to a closed-loop control program created by LabVIEW software ͑registered trademark of National Instruments͒. By driving the piston under feedback control, this program allows pressure to be cycled between two fixed limits with a chosen frequency and a wave shape. Having characterized the main components and the operation of the testing machine, the next sections will be devoted to specimen preparation and experimental results.
C. Specimen preparation
Specimens used for both biaxial fatigue and fracture studies consist of an aromatic polyimide diaphragm suspended on a bulk-micromachined silicon die. All polyimide diaphragms are derived from spin-coated and thermally imidized pyromellitic dianhydride 4,4 oxydianiline PMDA-ODA polyamic acid precursor films. For fracture experiments, an Al layer is deposited on the polyimide diaphragm. In the following section, specimen fabrication will be summarized. An accompanying chart can be found in Fig. 5 .
A double-sided polished, p-doped, 1-3 ⍀ cm resistivity, n-type, ͗100͘ silicon wafer is the standard substrate for all samples. After cleaning the wafer in a modified SC-1 step of FIG. 3 . Specimen consists of a thin film on a rectangular silicon die with a micromachined window at its center. Another hole is drilled at the center of the specimen holder, a rectangular metal plate. The specimen is epoxied on to the specimen holder, and the thin film is subjected to fluid pressure via the micromachined window. Here, the photograph shows ͑1͒ the silicon side of a specimen with a 2-mm-diam window, ͑2͒ a specimen holder with its central hole and four screw holes along the edges, and ͑3͒ a specimen epoxied to the specimen holder.
FIG. 4. Eliminating air from the hydraulics is crucial for the success of the device. It is achieved by feeding oil from a side fitting into the chamber, while a bleeding valve at the top allows trapped air to escape. the RCA clean process, 20 the wafer is baked at 180°C for 15 min, and then spin coated with a commercially available aminosilane adhesion promoter. A bake of the adhesion promoter at 110°C for 5 min is required, after which the wafer is spin coated with Pyralin PI-2808 ͑registered trademark of HD Micro Systems͒. Following a 15 min bake of the polyamic acid film at 60°C in ambient air, thermal imidization is carried out in two steps at 240°C for 2 h and at 350°C for 4 h under a 200-500 mTorr pressure of dry nitrogen. Temperature ramps of approximately 1.5°C/min are used between all temperature steps, including the initial heating from and final cooling to room temperature. Films spin coated and imidized from this process were 4.6 m thick. After imidization is complete, a 2-3-m-thick film of AZ 5214 ͑registered trademark͒ photoresist is spin coated on the polyimide and baked at 110°C for 10 min in order to provide a protective coating to minimize surface damage incurred during subsequent processing steps.
Once polyimide processing is completed, the backside of the silicon wafer is coated with a 6 -7-m-thick AZ 4620 ͑registered trademark͒ photoresist film to serve as an etch mask for an inductively coupled plasma deep reactive ion etching ͑ICP-DRIE͒ process of the bulk silicon substrate. 21, 22 The photoresist film is patterned such that a modified Bosch process 22 can be used to anisotropically etch through the bulk silicon ͑400-500 m͒, sectioning the wafer into independent 15 mm by 15 mm square silicon die, each with a 2 or 6-mm-diam circular hole revealing the underlying polyimide film. The ICP-DRIE process of the silicon terminates once the polyimide film is exposed, resulting in a freestanding, suspended polyimide diaphragm. A Plasma-Therm, Inc., SLR Series Plasma Processing System is used for all ICP-DRIE processes.
After bulk micromachining of the silicon substrate, both photoresist masks are removed in an acetone bath, the individual die are then rinsed with isopropanol and subjected to a vacuum dehydration bake at 240°C for 4 -8 h to remove absorbed solvents. Once again, 1.5°C/minute temperature ramps are used to both heat and cool the specimens. For fracture studies, a 150-nm-thick Al layer is sputtered on the surface of the polyimide immediately following the dehydration bake to prevent undue absorption of water from the ambient air in the polyimide film, providing a more experimentally reliable metal/polymer adhesive interface. Optional sputtering of Al thin films on the surface of the polyimide diaphragm for fracture studies is performed using a dc magnetron power supply at 300 W with an argon flow rate of 20 sccm and a chamber pressure of 2.3-2.8ϫ10 Ϫ2 Torr. Test specimens described here can also be used for studying interfacial failure between polymer thin films and silicon substrates. 23 However, it is noted that the pressures utilized in this study were not of a magnitude large enough to initiate interfacial delamination.
III. EXPERIMENTAL RESULTS

A. Monotonic response
Before demonstrating the capability of the apparatus to conduct fatigue testing, let us briefly discuss the monotonic response of the specimen. Figure 6 shows pressure versus midpoint deflection readings obtained on a 2-mm-diam specimen. Loading and unloading followed the same path in experiments indicating an elastic behavior. Finite-element studies have shown that the elastic response of a circular membrane under an applied pressure p can be approximated by the following formula:
where E and are the elastic modulus and Poisson's ratio, respectively, h is the thickness and a is the radius of the thin film. z 0 is the midpoint deflection resulting from applied pressure p, and 0 is the residual stress. The membrane is clamped at its boundary. Fitting Eq. ͑1͒ to the experimental data, one can extract quantities such as elastic modulus E of the thin film and residual stress 0 for a given Poisson's ratio. In our case, the elastic modulus is found to be 3.0 GPa, and residual stress is 5.8 MPa for ϭ0.4. These results are in close agreement with previously reported PMDA-ODA properties. 24 For the determination of actual stresses, on the other hand, further consideration is required. A major drawback of bulge testing is the usually indirect way of relating pressure and displacement data to the actual stresses and strains in the material. Employing a series solution to the equations of equilibrium, stresses in a circular membrane with clamped edges under a uniform, lateral loading were first calculated by Hencky 25 for large deflections. His analysis was later modified for the case of true pressure by Fichter. 26 A mechanistic discussion of the problem can be found in Ref. 16 . Hencky's analysis was also modified for the existence of residual stresses by Campbell. 27 Campbell's study shows how coefficients of the series solution can be determined from equilibrium equations and clamped boundary condition for a chosen Poisson's ratio. This method is adopted here and results for various Poisson's ratios are shown in Fig. 7 , where equibiaxial stress at the midpoint is given as a function of residual stress 0 . Hence, once the residual stress is determined from Fig. 6 , can be extracted from Fig. 7 , and ϩ 0 will be the total stress at the midpoint. Utilizing this method, strains at the midpoint are calculated for two different sets of specimens with 2-and 6-mm-diam diaphragms and the results are presented in Fig. 8 . Generally overlooked, this method proves to be concise and straightforward. The main steps of the solution procedure for stresses are summarized in the Appendix. The interested reader is also referred to Campbell's work 27 for an in-depth study on the effect of residual tension on midpoint deflection. This was also utilized here to verify the fitting function given by Eq. ͑1͒ and a close correspondence is obtained.
Our discussion has hitherto been limited to linear elastic behavior. A similar correlation between applied pressure and actual stresses in the material needs to be established for plasticity, which requires additional theoretical work. This is also necessary for any modeling effort that addresses fatiguerelated damage mechanisms. The next section deals with the results of fatigue experiments that were conducted with the testing device of this article. Figure 9 shows the pressure and deflection history from a test where a 2-mm-diam specimen was subjected to a pressure-controlled cyclic loading between 0.029 and 0.182 MPa with a frequency of 0.05 Hz. Cycles 100-110 are shown in Fig. 9 with the time axis chosen arbitrarily to start at zero.
B. Fatigue testing
Depending on the specimen dimensions, a wide range of deflections and pressures can be measured. Using a 6-mmdiam specimen, the hysteresis loops shown in Fig. 10 are obtained. They span a range of 50 m at relatively low pressures with a frequency of 0.05 Hz. When the diameter of the specimen is decreased to 2 mm, deflections become smaller accordingly, and hysteresis loops spanning deflections as small as 15.7 m, shown in Fig. 11 , can be captured with the current setup. Demonstrating the capability of the testing apparatus to resolve small deflections and pressures, Figs. 10 and 11 do not necessarily convey information about the actual material behavior of polyimide because a single specimen was used for multiple tests. However, one phenomenon is evident in each figure: cyclic creep or ratchetting. In each cycle, a certain amount of plastic strain accumulates in the direction of the mean stress, which is also observed in uniaxial fatigue tests of polyimide.
C. Thin-film fracture under biaxial stress state
The reliability of multilayers is usually determined by geometry, materials mismatch, and interface quality. In the case of stiff coatings, fracture and delamination are common reasons of failure. This issue can also be addressed under the biaxial stress state using the present apparatus. Polymeric membranes with a thin metallic layer deposited on top will be used. Replacing the laser sensor with a microscope, one can observe the behavior of the metallic coating while the pressure is increased. Since a curved surface is to be observed, the diameter of the specimen should be small, and lens magnification should be chosen as high as possible. Due to the fact that the apparatus is placed on a vibration isolation table and the possibility of remote focusing via the piezoelectric actuator driving the stage vertically, highmagnification lenses can be used without difficulty, and in situ microscopy can be conducted with sharp focus.
The micrographs in Fig. 12 show the evolution of the fracture pattern in a 150-nm-thick Al layer on a 4.6-m-thick polyimide substrate as a function of the applied pressure. The observed area is very close to the midpoint of the specimen. The network of cracks continues to develop until the specimen delaminates from silicon die at a pressure of 0.324 MPa. A detailed view of the fracture pattern is given in Fig. 13 . The same type of cracking was previously reported in much larger length scales in a variety of environments where the biaxial stress state is present, for example, ceramic coatings on steel substrates, 28 drying coffee-water mixture, 29 or starch-water mixture, 30 on a glass plate or volcanic rocks, 31 and desiccating muds and clays. [32] [33] [34] The first stage of crack formation involves independent, straight cracks channeling in the film with no interactions in between. It has been shown by Beuth 18 that if the film is stiffer than the substrate, the crack will propagate all the way to the interface in the thickness direction, given that the criti- cal stress intensity factor is reached. The channeling front, on the other hand, will assume a steady-state shape after the crack length in the plane of the film exceeds several film thicknesses. 17 The energy release rate G associated with this steady-state propagation of an isolated crack has been calculated by Beuth. 18 Equating G to the mode I fracture toughness of the film will provide the condition for the propagation of the crack, because energy release rates of short cracks are lower than this steady-state value. 19 Once activated, these cracks will propagate, start interacting with each other, and ultimately form crack networks similar to those given in Fig.  12 . Assuming that the crack arrests at the interface without penetrating into the substrate, G is given by 18 
Gϭ
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where g(␣,␤) is a nondimensionalized integral of crack opening displacement defined and tabulated in Ref. 18 with ␣ and ␤ being the two Dundur's parameters characterizing the elastic mismatch. E f and f are the elastic modulus and Poisson's ratio of the film, respectively. is the biaxial stress state with one axis perpendicular to the crack line.
In our experiments, steady-state channeling was observed to take place at pϭ0.235 MPa when the cracks were straight and isolated. Assuming that the Al coating is too thin to interfere with the deformation of the polymeric substrate, the midpoint deflection of the membrane was calculated from Eq. ͑1͒ to be 157.9 m. Since the Al coating conforms to the shape of the polymeric substrate, the equivalent pressure at which the metallic coating would take this imposed shape is calculated in the absence of residual stresses using Hencky's work 25 z 0 ϭ0.653aͱ
This equivalent pressure is plugged into Hencky's 25 stress formula to find the corresponding biaxial stress at the midpoint, etc. The next step is the determination of B 0 . It is realized by considering the clamped boundary condition at the edge, i.e., Ϫ r ϭ0 at rϭa. This can be expressed in the following form:
͑ 1Ϫ ͒B 0 ϩ͑3Ϫ ͒B 2 ϩ͑5Ϫ ͒B 4 ϩ¯ϭ͑1Ϫ ͒ 0 /k. ͑A8͒
For a chosen Poisson's ratio, B 0 can be calculated from Eq. ͑A8͒ by substituting the relations of Eq. ͑A7͒.
Finally, from Eq. ͑A3͒ or ͑A5͒ the equibiaxial stress state at the midpoint, i.e., rϭ0, can be expressed as
